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Abstract
The performance of organic semiconductor devices is linked to highly-ordered nanos-
tructures of self-assembled molecules and polymers. We employ many-body perturba-
tion theory and study the excited states in bulk compolymers. We discover that accep-
tors in the polymer scaffold introduce a, hitherto unrecognized, conduction impurity
band. The donor units are surrounded by conjugated bands which are only mildly
perturbed by the presence of acceptors. Along the polymer axis, mutual interactions
among copolymer strands hinder efficient band transport, which is, however, strongly
enhanced across individual chains. We find that holes are most effectively transported
in the pi − pi stacking while electrons in the impurity band follow the edge-to-edge
directions. The copolymers exhibit regions with inverted transport polarity, in which
electrons and holes are efficiently transported in mutually orthogonal directions.
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Donor-acceptor (D-A) semiconducting copolymers represent arguably the most vari-
able class of semiconducting materials in organic electronics.1–4 The wide range of possi-
ble donors and acceptors provides an unmatched tunability of the system’s electronic and
optical properties.5–7 Rational device-design is, however, hampered by the complicated re-
lationship between electronic properties and the arrangement of the molecular chains in
the condensed phase (e.g., in spin-coated thin-films).8,9 Experiments showed that highly-
ordered nanodomains, i.e., highly organized nm-scale regions, are widely present in solution-
processed thin films. The nanodomains are composed of nanowires,10 nanosheets,11 and
crystallites.12–15 Face-on (pi-pi) or edge-on stacking is the dominant arrangement of conju-
gated molecules leading to high charge mobilities and excellent device performance.10–15 The
nanodomains exhibit quasiparticle bands observed by angle-resolved photoemission.16 Hence,
the high hole mobilities are explained by band-like transport17,18 in the pi-pi direction.12,14,19
However, a detailed microscopic understanding of how the structure and composition of the
copolymers impact the electronic excitations is currently missing.
Answering these questions requires a theoretical investigation of the copolymers’ elec-
tronic structure in the condensed phase. In principle, such simulations need to capture the
non-local inter-molecular interactions20 of electrons delocalized along the pi-conjugated back-
bone.16 The individual polymer chains are highly polarizable and held together by van der
Waals (vdW) forces. Even in the limit of ideally crystalline systems, quantitative theoretical
predictions of electronic excitations are prohibitive, and they have been limited to crystals
of small molecules.21–31 For polymers, the computational efforts have considered only iso-
lated32,33 oligomers or 1D periodic systems34–38 treated by mean-field approaches, which are
less expensive but do not take into account the non-local electronic correlations (governed
by polarization effects).39 Further, the geometries of the polymer strands are typically forced
to be planar, i.e., they disregard actual arrangements in the highly organized domains.33,37
Finally, the mean-field methods do not, in principle, provide access to quasiparticle (injected
electron and hole) energies and tend to underestimate excitation energies grossly.40
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In this work, we overcome these limitations and apply state-of-the-art theoretical ap-
proaches to explain the key features of the electronic structure of D-A copolymers. Our cal-
culations employ many-body perturbation theory40 within the stochastic GW approach.41–44
The electron-electron interactions are computed for each excitation (i.e., no mean-field ap-
proximation is applied). In the GW approximation, the interaction term takes into account a
selected class of Feynman diagrams describing the electrodynamic screening, i.e., the induced
charge density fluctuations. Electrons thus interact via a screened Coulomb interaction,
which is non-local and time-dependent. In practice, the GW method yields quasiparticle
(QP) excitation energies in excellent agreement with available experimental data.40,42,45
The electronic structure and QP energies of the condensed phase is determined by the
properties of the constituting moieties as well as by mutual interactions among individual
copolymer strands. While these contributions are nontrivial, relations among a few key
parameters govern the system’s overall behavior. To illustrate this, we consider a prototypical
example: “FBT” and related D-A copolymers46–48 (see Supporting Information (SI) for
the geometry optimization). Here, the fluorene moiety (F) acts as a “donor” (D), and
benzothiadiazole (BT) acts as an “acceptor” (A). The isolated molecules are illustrated in
the inset of Figure 1 and the SI. The D units are the source of delocalized electronic states.
In contrast, acceptors are typically chosen so that they have a higher electron affinity than
donors,49,50 acting as strong potential wells for electrons (see Figure ??). Hence, the A unit
is a source of localized electrons whose wave functions have a limited spatial extent.
In a single copolymer strand (i.e., 1D periodic system with repeated D and A subunits),
the quantum confinement is reduced in the direction of the polymer axis. Consequently,
the fundamental gap of the infinite chain decreases with the polymerization length; for an
infinite system, it is 4.08±0.04 eV, which is 1.48±0.05 eV less than for an isolated monomer
(Figure ??). In a condensed phase (either 2D slab or 3D bulk), the presence of neighboring
strands eliminates the quantum confinement in the directions orthogonal to the polymer
axis. Hence, the fundamental band gap further decreases (Figure ??b).
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Figure 1: Quasiparticle band structures and orbitals of selected states of a fluorene (a, b)
and FBT (c, d) strands. The monomer units are shown in the inset of panels b and c. The
electronic states that are delocalized over the entire polymer backbone are denoted lower
and upper conjugated bands (LCB and UCB), for the highest valence and lowest conduction
band. The band-edge states in fluorene (a) are formed by LCB and UCB illustrated for the
Brillouin zone center, Γ, and its boundary, X. The corresponding bands are highlighted in
panel b. FBT is D-A copolymer, with the individual subunits labeled in the inset of panel
c. Due to the presence of A, the bandstructure contains an acceptor impurity band (AIB)
highlighted in red (c). Panel d depicts LCB, AIB, and UCB for two points in the Brillouin
zone; the AIB is strongly localized on the acceptor subunit. Red and blue colors distinguish
the wave function phase.
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For quantitative predictions of the band gaps in the condensed phase, many-body meth-
ods turn out to be indispensable as dynamical electron-electron interactions are responsible
for the non-local (inter-chain) interactions. Indeed, the ionization potential for the 2D slab
computed with the sGW method is 5.48±0.02 eV (Figure ??a), in excellent agreement with
thin-film experiments that provide an estimate of 5.4-5.5 eV.47 The fundamental band gaps
of the surface and the bulk are 3.33 and 2.23 eV (Figure ??b), and the latter is in good
agreement with the experimental value of 2.32-2.44 eV.47
The periodic copolymer arrangement supports the formation of band structures (observed
experimentally, as discussed above). To characterize the principal features of the electronic
states, we start with the 1D system shown in Figure 1c. The crystal momentum is imprinted
on the individual wavefunctions (Figure 1d), which, however, retain much of their molecular
character (Figure ??). It is thus possible to separate the contributions of D and A to the
highest valence and lowest conduction bands responsible for the charge transport.
The donor behavior dominates the highest valence state; it has conjugated character
and delocalized pi orbitals (see more details in Figure ??). The top valence band is broad
(its bandwidth is 0.86 ± 0.04 eV) with a parabolic dispersion near the extrema that occur
at the critical points of the Brillouin zone. The near-band-edge character, together with
the large bandwidth, translates to a low effective mass of ∼ 0.22m∗e. Such a low value is
consistent with experimental results for similar (semi)conducting copolymers.16 We denote
the highest conduction band and the lower conjugated band (LCB). The complementary
“upper” conjugated band (UCB) is formed from pi∗ orbitals, and it has much higher energy
(Figure 1d). Both LCB and UCB are qualitatively analogous to the band edge states in a
pure fluorene chain (Figure 1a), i.e., the conjugated bands are only mildly perturbed by the
presence of acceptor subunits. The correspondence between the electronic structures of D-A
and pure donor polymers has not been noticed up to now.
In contrast, the lowest conduction band of the copolymer comprises states localized only
on the acceptors (Figure ??). The acceptor band has significantly reduced width (Figure 1c),
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and it appears between LCB and UCB.
In calculations with distinct A molecules, we found that the exact energy separation
between the conjugated and localized states depends only a little on the choice of acceptors
(see Figure ?? for details). In FBT, the separation of the conduction states is 1.11 eV;
the oxygen- and selenium- substituted copolymers show slightly larger separations (1.38
eV and 1.16 eV, respectively – see Figure ??). In all cases studied, the localized state
is characteristically inserted between the two conjugated bands. Based on the conceptual
analogy to charge-trapping “in-gap” states, we denote the lowest conduction states as the
acceptor impurity band (AIB). The formation of the localized and flat impurity band has not
been described previously. One of the key findings of this communication is the recognition
and distinction between the conjugated and impurity bands.
LCB, AIB, and UCB are present in the same order in 1D and in the condensed phases.
While the van der Waals forces only weakly bond the individual copolymer strands, the
inter-chain interactions change the band structures significantly. Besides the shift of the QP
gaps (discussed above), the charge transport is critically influenced by the changes in the
bandwidth. The dispersion of LCB and AIB determines the charge transport polarity. Fur-
ther, the bandwidth is directly related to the charge carrier effective mass. To investigate
the physical origin of the of the band structure changes, we will separate two main con-
tributions:(i) the one-body electronic interactions51 including the (classical) density-density
Coulomb repulsion (Table ??), and (ii) the electron-electron interactions, which represent
highly non-local and dynamical (time-dependent) quantum effects.
The first contribution mostly depends on the local52 properties of the copolymer. The
electronic structure (and charge transport) strongly depend on the bond arrangement be-
tween the donor and acceptor subunits.35 The existence of a single bond between adjacent
donors and acceptors implies large rotational freedom. In practice, the mutual orientation of
the A and D units depends on the environment. The rotational angle varies between 43◦ and
56◦ in the relaxed structures with 1D, 2D, or 3D topology (Figure ??). Other structural
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variations are insignificant as the rest of the copolymer backbone is rigid, and we disregard
them in the analysis.
As noted above, AIB is composed of localized states centered on the acceptor subunits.
The corresponding wave function near the conduction edge does extent to the D-A joint
appreciably (Figure 1d). Hence, AIB is practically insensitive to the torsion angle. In
contrast, rotation away from the ideally planar geometry leads to the narrowing of conjugated
states (Figure 2b). Since the torsion angle is larger in the condensed phase than in a free-
standing polymer, the hole effective mass in LCB is thus increased in bulk compared to a
prediction from the 1D model.
The sensitivity of LCB is directly related to the character of the wave function near the D-
A bond. Going from the low energy part of the LCB (near the X point of the Brillouin zone)
to the band edge, the wavefunction develops a nodal plane across the D-A joint (Figure 2c).
The presence of the nodes is associated with increased QP kinetic energy. A close inspection
of various torsion angles reveals that the nodes across the D-A bond are suppressed when
going from 1D to 3D conformation. The band edge is kinetically stabilized (Figure 2a), while
the bottom LCB is insensitive to the rotation. As a result, the single-electron interactions
promote bandwidth reduction in the condensed phase.
While the local properties are clearly responsible for the electronic structure modification,
the non-local many-body effects are equally important and influence the excited states.
These electron-electron interactions are decomposed into two principal contributions: (i) non-
local exchange (due to the fermionic nature of the charge carriers), and (ii) time-dependent
correlations among electrons and holes (which include vdW interactions responsible for the
cohesive energy of the bulk). The significance of the many-body treatment is illustrated
by the fact that LCB and AIB widths increase by ∼ 25% and ∼ 46% if the non-local and
dynamic description is used instead of the common mean-field approach (e.g., in local and
static density functional theory – see Table ??).
We first inspect the behavior of the conjugated states. While the exchange interaction
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Figure 2: The effect of the characteristic torsion angles between D and A subunits found in
various condensed phases of FBT: (a) The QP energies of LCB at the Brillouin zone center,
Γ, and its boundary, X as a function of the torsion angle. The QP energy of LCB is more
sensitive to torsion at Γ than that at X. (b) The QP valence bandwidth linearly decreases
with the torsion angle. (c) The LCB wavefunction at the donor (D) and the acceptor (A)
joint for Γ and X points of the Brillouin zone. Red and blue colors distinguish the wave
function phase. At Γ, the torsion gradually destroys a nodal plane between D and A, leading
to kinetic stabilization of the QP energy. Conversely, the “bridging character” of LCB at the
X point is little affected by the increased torsion. The error bars in panels a and b represent
the statistical error of the stochastic many-body calculation.
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typically drives electron localization,53 it surprisingly enhances the dispersion of the delocal-
ized bands along the polymer axis. The energies of states near the valence band maximum
are stabilized much less than at the Brillouin zone boundary, i.e., the X-point (Figure ??a).
In the latter case, there is an increased spatial overlap with a large number of occupied
orbitals, and energy decrease is observed for states near the X-point. The exchange-driven
band widening is a signature of the conjugated bands, and it is not observed otherwise.
To document this, we provide complementary calculations for additional polymer strands
(polyacetylene and polyethylene, with and without conjugated bonds) in the SI (Table ??).
In general, this effect is dramatic for copolymer systems. In the absence of electronic
correlation (which reduces the exchange through dynamical screening), LCB would widen by
an additional 40%. This increase can be paralleled with a (spurious) infinite-range response
to hole localization observed for bare exchange interactions.54
The screening contribution thus changes the picture qualitatively. It is governed by
the reducible polarizability which is directly related to charge density fluctuations.40 These
correlation effects are dominated by optical (plasmon) excitation that shifts to lower energy
as the crystal momentum increases (Figure ??). The states away from the band edge (i.e.,
closer to the Brillouin zone boundary) have energies approaching the resonant frequency of
the collective charge density oscillations. For the corresponding quasiparticle excitations,
the exchange interaction is strongly attenuated and becomes short range; the QP energies
shift up, and the LCB consequently narrows (Figure ??b).
In the condensed systems, the LCB and UCB remain delocalized only along the polymer,
not across the individual strands (illustrated in Figure 3c). As a result, the conjugated
bands can further flatten. Along the edge-to-edge direction (Γ →Z Figure 3a), both LCB
and UCB are extremely narrow and effectively “molecular” in nature. Neither non-local
exchange nor correlation effects contribute significantly to the quasiparticle energies in this
case. In practice, any band-transport of holes in LCB is significantly hampered along the
edge-to-edge stacking direction.
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Figure 3: Quasiparticle band structure of FBT in a 3D crystalline domain with relative
contributions of electronic (a) exchange and (b) correlation energies for LCB and AIB. The
contributions are given by the color code and are plotted relative to the band average. The
Γ → Y branch corresponds to the band in the pi-pi stacking direction; the Γ → X and
Γ→ Z branches correspond to the intra-chain and edge-on stacking directions. The inverted
polarity regime is in the Γ→ Z, where the band dispersion of AIB is much higher than for the
conjugated bands. (c) Local wave function character is of the selected states at two distinct
points in the Brillouin zone along the Γ → Z direction. The two molecules are depicted in
the edge-on stacking. Both LCB and UCB remain localized on individual strands, but AIB
bridges the polymer chains. Red and blue colors distinguish the wave function phase.
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However, the localization does not imply that the conjugated bands behave as those in an
isolated strand. Here, the band dispersion is reduced by as much as 60% along the polymer
axis compared to a free-standing copolymer. The flattening is most prominent in the 2D
case (Table ??). Non-local interchain correlations govern the decrease of the LCB width;
they are almost twice as big as the effect of torsion between the D and A subunits. In slabs,
the strong polarization effects lead to the formation of local maxima in LCB and dispersion
narrowing near the Γ point (Figure ??b). This indicates that in near-surface regions, the
valence band-edge may not be characterized by a single crystal momentum vector, and the
fundamental band-gap is likely indirect.
In contrast, cooperative interchain interactions appear along the pi − pi stacking (Γ →Y
in Figure 3). As a result, the LCB dispersion is the largest along this face-on direction (up to
710 meV). Significant bandwidth suggests a high propensity for efficient band-like transport
of holes within LCB. The reason for the increased bandwidth (despite the strong on-chain
localization) is twofold: first, the packing of chains in bulk is tighter; second, the high
efficient screening allows greater delocalization of the pi (and pi∗) orbitals above and below
the conjugated framework. Both effects lead to improved interchain “communication”, which
leads to an enlarged bandwidth. In the 3D condensed phase, the LCB width is largest along
the pi − pi stacking compared to any other direction (Figures 3a and 3b) and indicates an
efficient band-transport of holes.
The lowest conduction band is very different. The impurity states are strongly localized
along the copolymer axis. As a result, local and non-local interactions are insensitive to
crystal momentum, and the band is narrow. Further, there are no increased interactions
along the pi − pi stacking, and the AIB electronic states thus appear to be molecule-like.
Hence, the acceptor band is flat along Γ → Y as well. There is thus a low likelihood of
electron band-transport in the face-on or polymer axis directions.
AIB, however, unexpectedly exhibits cooperative effects along the edge-to-edge stacking
(Figure 3c). For states near the band minimum (i.e., near Γ), the impurity wavefunction
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delocalizes across individual copolymer chains. In contrast, a nodal plane appears between
every adjacent polymer for higher crystal momenta due to the increase of the kinetic energy
towards the Brillouin zone boundary (i.e., near Z). The associated QP energy variation leads
to a relatively wide55 dispersion of ∼300 meV in the Γ →Z direction. Besides the kinetic
contribution, the band widening is also driven by a large variation of the exchange energy.
Along Γ →Z, the AIB thus behaves like the conjugated states in the polymer axis. These
properties indicate that AIB can sustain electron transport along the edge-to-edge stacking
direction.
In summary, we investigated a prototypical example of D-A copolymers, FBT, and ex-
plained its electronic structure and the propensity to band transport in the condensed phase.
Our many-body calculations are in excellent agreement with available experimental data and,
for the first time, they provide insight into the quasiparticle (added hole and electron) states
of bulk copolymers. The results show that acceptors, which typically act as strong potential
wells for electrons, form a previously unrecognized “impurity” band. In contrast, the donors
groups are responsible for delocalized lower (valence) and upper (conduction) conjugated
bands. The delocalized states and they surround the acceptor band, but they only mildly
affect each other.
The intra-chain transport is negatively impacted by the condensed phase stacking, which
affects the rotation between the donor and acceptors. On the other hand, electronic states
delocalize across the copolymer strands and form wide bands that likely support efficient
transport. Electronic correlations (responsible for the cohesive van der Waals forces) uni-
versally suppresses band dispersion, but non-local exchange interactions drive it in selected
directions.
The large width of valence bands along the pi − pi stacking indicates that hole trans-
port is possible in the face-on direction. Surprisingly, we observe a strong propensity for
electron transport along the edge-on stacking within the acceptor impurity band. Hence,
D-A copolymers exhibit an orthogonal ambipolar transport network, which has been so far
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reported only in heterogeneous mixtures of p-type polymer and a small n-type molecule.56,57
Our results suggest that orthogonal transport of electrons and holes can be achieved in pure
D-A copolymers merely through molecular packing.
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